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CONSPECTUS

he enzymatic hydrolysis of the glycosidic bond is

catalyzed by diverse enzymes generically termed
glycoside hydrolases (hereafter GHs) or glycosidases.
The many sequence-based families of glycosidases
have served as a rich hunting ground for enzymologists
for years. Not only are these enzymes of fundamental
interest, providing paradigms for enzymatic catalysis
that extend beyond the bounds of carbohydrate chem-
istry, but the enzymes themselves play myriad essen-
tial roles in diverse biological processes. The wide
utility of glycosidases, from their industrial harnessing in the hydrolysis of plant biomass to their roles in human physiology and
disease, has engendered a large scientific constituency with an interest in glycosidase chemistry.

A fascinating thread of this research, and one with major impact on the design of enzyme inhibitors, is the conformational
analysis of reaction pathways within the diverse families. These GH families provide a large pallet of enzymes with which chemists
have attempted to depict the conformational landscape of glycosidase action. In this Account, we review three-dimensional insight
into the conformational changes directed by glycosidases, primarily from structural observations of the stable enzyme—ligand
species adjacent to the transition state (or states) and of enzyme—inhibitor complexes. We further show how recent computational
advances dovetail with structural insight to provide a quantum mechanical basis for glycosidase action.

The glycosidase-mediated hydrolysis of the acetal or ketal bond in a glycoside may occur with either inversion or retention of
the configuration of the anomeric carbon. Inversion involves a single step and transition state, whereas retention, often referred to
as the double displacement, is a two-step process with two transition states. The single transition state for the inverting enzymes
and the two transition states (those flanking the covalent intermediate) in the double displacement have been shown to have
substantial oxocarbenium ion character. The dissociative nature of these transition states results in significant relative positive
charge accumulation on the pyranose ring. The delocalization of lone-pair electrons from the ring oxygen that stabilizes the cationic
transition state implies that at, or close to, the transition states the pyranose will be distorted away from its lowest energy
conformation to one that favors orbital overlap.

Over the preceding decade, research has highlighted the harnessing of noncovalent interactions to aid this distortion of the
sugar substrates from their lowest energy chair conformation to a variety of different boat, skew boat, and half-chair forms, each of
which favors catalysis with a given enzyme and substrate. Crystallographic observation of stable species that flank the transition
state (or states), of both retaining and inverting glycosidases, has allowed a description of their conformational itineraries,
illustrating how enzymes facilitate the “electrophilic migration” of the anomeric center along the reaction coordinate.

The blossoming of computational approaches, such as ab initio metadynamics, has underscored the quantum mechanical basis
for glycoside hydrolysis. Conformational analyses highlight not only the itineraries used by enzymes, enabling their inhibition, but
are also reflected in the nonenzymatic synthesis of glycosides, wherein chemists mimic strategies found in nature.
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The hydrolysis of the acetal or ketal bonds of glycosides, by
the many families of glycosidases (classified into glycoside
hydrolase “GH” families at www.cazy.org),’ may occur with
either retention or inversion of the configuration of the
anomeric carbon, essentially as described in Koshland's
insightful 1953 treatise? (Figure 1A,B; NAD" dependent “gly-
cosidases” are not considered). There is a wealth of evidence
that the single transition state (TS) for the inverting enzymes
and the two transition states (those which flank the covalent
intermediate) in the double displacement possess substan-
tial oxocarbenium ion-like character. The dissociative nature
of this transition state results in significant positive charge
accumulation on the pyranose ring. The delocalization of
lone-pair electrons from the ring oxygen that stabilizes the
cationic transition state implies that at, or close to, the
transition states the pyranose will be distorted away from
its lowest energy conformation (for most pyranosides a
chair) to one that favors such orbital overlap. Sinnott was
the first to crystallize the concept that enzymes would there-
fore likely perform catalysis through one of two half-chair
“Hs/3H, (or related “E and 3E envelopes) or boat *°B/B, 5
conformations? (Figure 10), those that fulfill the stereochem-
ical requirements of an oxocarbenium ion-like transition
state (C5, O5, C1, and C2 atoms are almost coplanar). In this
Account, we review the three-dimensional (3D) insight that
has been provided into the conformational itinerary of
glycosidases, primarily through structural observations of
the stable enzyme—ligand species adjacent to the transition
state(s) and of enzyme—inhibitor complexes. We discuss
such itineraries in terms of classical puckering parameters
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and show how recent quantum chemical analyses of free
sugars and enzymatic reaction coordinates provide an inter-
pretative framework.

Historical Perspectives

Pyranoside ring description, following IUPAC guidelines,* is
based upon a capital letter defining the ring shape (chair C,
half-chair H, skew-boat S, boat B, and envelope E) with two
super/subscripted numerals designating the atom(s) that lie
outside of a four-atom reference plane. The description of
pyranoside ring conformations, and thus the itinerary of
their interconversions, is most frequently based upon the
Cremer—Pople puckering parameters Q, 6, and ¢, which

C,

FIGURE 2. Cremer and Pople puckering coordinates of a six-membered
ring (Q, 6, and ¢) and their projection in the x,y plane (gx and g,).

Nu Nu

FIGURE 1. (a) Mechanism of hydrolysis of the acetal or ketal bonds of glycosides by glycosidases; shown here for attack on a -p-glycoside with
(a) net retention or (b) inversion of anomeric configuration. Inset: (c) Possible conformations of the —1 sugar ring at the transition state structure: 4H,,

3H,, B, and B, 5 (related E and “E forms are omitted).
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FIGURE 3. Main conformations on the Cremer—Pople sphere along with two of their most used representations: Stoddart diagram (Northern and

Southern polar projections are shown) and Mercator projection.

form a “sphere” of radius Q with the dassical *C; and 'C,4
chairs at the North and South poles, respectively (6 = O,
180°), with the equator (0 = 90°) defining a skew-boat—
boat interconversion itinerary (Figure 2). For convenience,
the Northern and Southern hemispheres are often projected
on the pseudorotational itinerary® (Figure 3). Thus, the
sphere itself, or more usually its “Stoddart” polar projection,
provides a simple conceptual framework for defining the
interconversion of different conformers during catalysis. The
Mercator projection (Figure 3), analogous to global cartogra-
phy, may also be used.

The seminal 3D structure determination of the first en-
zyme, lysozyme from hen egg white (HEWL),® allowed
postulation of the key elements of glycosidase catalysis.
Although some historical suggestions have been reconsidered,”
proposals that glycosidases promoted formation of their
transition states through distortion of the pyranoside ring
of the substrate remain true. Furthermore, building upon
Pauling's ideas, from the 1940s that high affinity inhibitors
could be generated by mimicking the “strained activated
complex”, “distorted” transition state mimics were shown to
act as enzyme inhibitors.° Three-dimensional structure in-
terpreted in light of physical organic and computational
insight remains the driving force for the conformational
analyses of glycosidases. In the following sections, we shall
analyze distortion around each of the “Sinnott” potential TS
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structures and see how experiment and computation dove-
tail elegantly to provide detailed conformational itineraries.
We do not consider complexes that “bypass” the active
site or are misleading because of changes in the enzyme
structure.

Pathways around the “H; Half Chair ('S5, *H3, *C;)

S; < “H; < %C, Retaining g-Glycosidases. The chito-
biose complex of a CAZy family GH20 chitobiase, serendi-
pitously trapped in an unhydrolyzed form,'® and a GH7
endoglucanase trapped with a nonhydrolyzable thio-linked
oligosaccharide'' provided the first unambiguous ana-
lyses of distorted enzyme—substrate complexes (hereafter
termed “Michaelis complexes” after the E + S < ES scheme of
Michaelian kinetics) in 1996. The remarkable observations
in both complexes were that the pyranosides in the —1
subsite (nomenclature in ref 12) were distorted to approx-
imate “E and 'S; conformations, respectively, with both
conformations being very close in the Stoddart diagram
(Figure 3). These conformations provided a structural con-
text both for the in-line nucleophilic attack into the o*
antibonding orbital of the breaking C1-OR bond as well as
for the reduction of steric barriers to nucleophilic attack
notably by H-1 but also the 1,3 diaxial clashes to H-3 and
H-5. These conformations were also consistent with poten-
tial lone-pair contribution from the endocyclic oxygen, here
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FIGURE 4. Substrate distortion in s-p-glucosidases and $-p-mannosidases. (a) Gluco-active enzymes: Experimental density for distorted substrate
complexes of Cel5A'3 (retaining, left) and Cel6A3° and Cel833 (inverting, right) trapped by different strategies (see text) along with the computed FEL of
p-p-glucopyranose with respect to ring distortion. The observed conformations of s-glucosidase Michaelis complexes are represented by star symbols
(PDB codes: 1eib, 1Te6n, 1fcv, Tovw, 1v03, 4a3h, 156, Tw2u, 1qk2, 1gz1, 1Tocn, and Tkwf, from 1 to 12, respectively). Each contour line of the diagram
corresponds to 0.5 kcal-mol~". (b) Manno-active enzymes: Experimental electron density for the Man26A Michaelis complex>2 (left) and the
mannoimidazole complex of Man2*? (right) along with the computed FEL of 5-0-mannopyranose.?* Observed structures of f-mannosidase Michaelis
and inhibitor complexes are represented by star symbols (PDB codes: 2wbk, 2vjx, 2vl4, 2vo5, 2vr4, 2vqt, 2vot, 2vmf, 1gvy, and 1gw1, from 1 to 10,

respectively).

antiperiplanar, to the departing group. Subsequently, all of
the stable species along the reaction coordinate of a retain-
ing endoglucanase, Cel5A, were trapped, providing a series
of “snapshots” of the reaction pathway.'®> Again, the ES
complex was observed in S; conformation (Figure 4a),
and this species reacted to form the covalent intermediate
observed in #C; chair.

The observations described above, interpreted in light of
the Stoddart diagram, suggest a “longitudinal” 'S; — [*Hs]* —
¢, itinerary for the formation of the covalent glycosyl—
enzyme intermediate by these retaining -glycosidases con-
sistent with an electrophilic migration of the anomeric
carbon during catalysis. Thus, in the case of Cel5A, the 'S5
and 4C; conformations flank the *Hs conformation through

which the reaction is expected to pass at, or close to, the
transition state. Subsequently, there have been many stud-
ies finding distorted sugar conformations around the
14B/1S3/%H3/*C; region of the itinerary, including family
GH18 chitinases,'* GH26 $-1,4,1,3 glucanases,'> GH39 -
xylosidases,'® GH84 O-GIcNAcases,'” as well as in modeling
studies.'® For retaining f-p-glycosidases, this is the most
prevalent reaction coordinate.

A promising and complementary approach that can be
used to quantify the conformational flexibility of the sub-
strate in glycosidases is metadynamics. The method'® is
aimed at enhancing the sampling of phase space in a
molecular dynamics simulation and reconstructing the free
energy landscape of complex systems with respect to a
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reduced number of collective variables (CVs). In carbohy-
drates, the use of the Cremer and Pople puckering
coordinates®® as CVs allows computation of the free energy
landscape (FEL) associated to the puckering sphere or Stod-
dard diagram.?'%? Provided a quantum mechanical metho-
dology is used to compute the energy, electronic changes
with ring distortion can be analyzed.*?

Recently, it has been shown that the FEL of an isolated
pyranose ring (Figure 4a) can be used to predict the con-
formation of the substrate in Michaelis complexes of glyco-
sidases, as well as possible catalytic itineraries.>® In
particular, the regions connecting the lowest energy dis-
torted conformations (Figure 4) are favored itineraries. These
conformations show the best compromise among energy,
structure (elongation/shortening of the C1-01/C1-05
bonds and “axiality” of the C1—-0O1 bond), and charge devel-
opment at the anomeric carbon (an index integrating all
these parameters was introduced in ref 23). The conforma-
tions that are best preactivated for catalysis for -p-gluco-
pyranose are °Sg and 'Ss. It is remarkable that whereas the
'S3 (and the neighbor '“B) is the preferred ring distorted
conformation in Michaelis complexes of retaining s-gluco-
sidases, the %Sy conformation seems to be the preferred
conformation in inverting s-glucosidases, as discussed be-
low. This indicates that glycosidases might have evolved to
preferentially select those conformations of the substrate
that both require less energy to be distorted and, at the same
time, exhibit the highest oxocarbenium ion-like properties.

4C, < *H3 — 'Sz Retaining o-Glycosidases. It is likely that
many retaining o-glycosidases will simply follow the reverse
of the 'S; — *H; — %, itinerary, described above, in which
a-linked substrate binds in #C; conformation (with the leav-
ing group already correctly poised for in-line attack) and
intermediate in 'Ss. This has been observed both for the
GH31 a-glycosidases***> and GH27 a-galactosidases.?®

It is less clear what the itinerary of classical c-amylases
and cyclodextrin glycosyltransferases, both from family
GH13 and glucoamylases from GH15, adopt. From a struc-
tural perspective, the classical a-glucosidase inhibitor acar-
bose, whose inhibition constant is typically around the
picomolar to nanomolar level, affords a facile route into
obtaining complexes but its Hs conformation cannot be
interpreted as indicative of any likely reaction transition
state. Kinetic isotope effect (KIE) work has suggested a B, s
transition state for a yeast a-glucosidase,>” but beyond this
there is little KIE insight for other systems. From a structural
perspective, a key question had been the conformation
adopted by the covalent intermediate of a retaining GH13
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a-glucosidase but has been difficult to analyze structurally,
perhaps hinting at their high reactivities. The first structure
of a covalent intermediate, that of the cyclodextrin gluco-
syltransferase,?® revealed the pyranosyl-enzyme in a *C,
chair conformation (thus with an equatorial linkage to the
enzyme nucleophile; similar complexes have been ob-
served on other related enzymes since) rather than one
poised for facile nucleophilic attack in the second step of
the retaining mechanism. While it seems reasonable that
these transglycosidases use a more stable intermediate as a
strategy to discourage hydrolysis of the intermediate (rather
than transfer to a sugar acceptor), it is far less easy to
interpret in light of the recent trapping of the intermediate
on a hydrolytic a-amylase in the same *C; chair conforma-
tion, albeit with an L-idosyl sugar.>°

Itineraries around the 2°B Conformation (3So, 2°B):
Inverting Glucosidases and Retaining Xylanases. Although
the history of glycosidase work, with some notable excep-
tions, had largely considered half-chair transition states, it is
now clear that all the possible pathways are utilized by
specific enzymes. For example, the FEL of 5-p glucose suggets
25, as another conformation preactivated for catalysis,?*?>
and that is exactly what had previously been observed ex-
perimentally for a number of structurally distinct inverting
B-glucosidases including GH6 inverting cellulases>° (Figure 4a).
2S5 most simply implies electrophilic migration through a
2B conformation with support for this pathway coming from
inhibitor distortion to this conformation®' and modeling3?
Strong support for this itinerary in inverting S-glucosidases
comes from the observation of an 2So/>°B conformed
Michaelis complex of Cel8A (Figure 4a)** subsequently also
analyzed by QMI/MM metadynamics simulations.>*

The #°B conformation is not only the most likely TS
structure in the above 2So — 2B itinerary for inverting f-
glycosidases, but it has also been found to be the Michaelis
structure or the covalent glycosyl—enzyme intermediate in
some retaining GH families. In 1999, there were two reports
of trapped glycosyl-enzyme intermediates of retaining
GH11 xylanases in #°B conformation.>>3® Here there are
additional caveats that prevent unambiguous interpretation;
in most cases, structural complexes are observed which flank a
potential transition state conformation. Here the intermediate
itself is #°B, implying either a relaxation from the first formed
intermediate or a transition state conformation poised close
by. However, no Michaelis complexes for this enzyme dass
have yet been identified, although a recent modeling study on
a GH11 retaining endo-5-1,4-xylanase from B. dirculans con-
cdluded that the Michaelis complex is in #°B conformation.>”



Itineraries around B, 5 ('Ss, B, 5, °S,): Retaining - and
(some) a-Mannosidases, and Some Inverting f-Mannosi-
dases. One of the mysteries in the conformational analysis
of glycosidases was how enzymes acting on o- or f-manno-
sides would achieve nucleophilic substitution at the anome-
ric center, given the severe cis-1,2 diaxial problems from the
ground-state axial O2 that bedevil synthetic chemistry of
mannosides. Furthermore, a “gluco—manno conundrum”
was known to exist as many S-p-glucosidases were similar
in sequence and structure to S-p-mannosidases and pos-
sessed the same recognition apparatus around the 02
position, despite the difference in configuration at C2 of
their respective substrates. This posed intriguing questions
about how specificity and catalysis were achieved.

Analysis of the Michaelis and trapped covalent intermedi-
ate complexes of the retaining Cellvibrio japonicus endo (-
1,4-mannanase, Man26A,38 provided the first insight into a
new conformational itinerary. The Michaelis complex was
observed in an 'Ss conformation (Figure 4b) and the inter-
mediate in ©S-. Again, these conformations flank a potential
transition state conformation, here B, 5, having the benefi-
cial coplanar arrangement of C2—C1-05-C5, and again
this seems the most likely itinerary for catalysis. This itiner-
ary is consistent with electrophilic migration of C1 along the
reaction coordinate and one that has been supported by
subsequent mannanase Michaelis complexes in 'S5 confor-
mation including an unhydrolyzed mannooligosaccharide
on a family GH26 mannobiohydrolase.3® Furthermore, ex-
perimental data on the solution conformation of mannosyl
moieties having “anomeric’ sp? centers had, as far back as
1982, revealed a favored B, 5 conformation for o-mannono-
1,5-lactone prompting the authors to envisage boats in
addition to half-chairs as TS structures.*® A near B, 5 transi-
tion state also avoids the cis-1,2 diaxial clashes during sub-
stitution events at the anomeric carbon and thus also resolves
the gluco—manno conundrum, since both classes of enzyme
recognize (pseudo)equatorial O2 substituents at the transition
state. Persuasively, synthetic chemists have arrived at the
same mechanistic conclusions with Crich's seminal use of
4,6-benzylidine acetal protection group chemistry also
controlling mannosylations through manipulation of the
03-(C3-C2-02 torsional angle (reviewed in ref 41).

The proposals of a reaction coordinate passing through a
B, s conformation for mannoside hydrolysis has extensive
support from diverse independent experiments and compu-
tational approaches, yet it has still aroused criticism from
one group.*? Therefore, in order to probe the transition
state structure of -mannosidases, a combined structural
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and linear-free energy relationship (LFER) approach was
recently undertaken through the study of a panel of different
mannosidase inhibitors.*> These studies revealed that all
tight-binding inhibitors are distorted to B, s (for example,
mannoimazazole, Figure 4b) or close conformations on-
enzyme and that the free energy of binding of the inhibitor
was correlated with the free energy of binding of the enzy-
matic transition state thus reinforcing the B, s TS conforma-
tion. Another evidence of the B, s transition state is provided
by the computed conformational free energy landscape of
p-mannose associated with the ideal Stoddart conforma-
tional diagram (Figure 4b),?® which shows a clear low energy
pathway in the 'Ss <> B, 5 < S, region. The most preacti-
vated conformation in terms of energy, elongation/shorten-
ing of the C1-01/C1-05 bonds, C1-01 orientation, and
charge development at the anomeric carbon was found to
be 'Ss, in agreement with the conformations observed
crystallographically.

Such a pathway may not be solely limited to f-mannosi-
dases. In 2003, covalent glycosyl enzyme intermediates of
the retaining GH38 Golgi o-mannosidase Il were trapped
using two different compounds (5F3-.-GulF and 2Fo-p-ManF)
and observed in the 'Ss conformation. This conformation is
exactly that previously observed for the g-linked Michaelis
complex of retaining f-mannosidases,®® leading Withers
and colleagues to propose that catalysis would likely follow
the reverse conformation pathway to retaining S-mannosi-
dases (hence °S, — B, 5 — 'Ss) passing through the B, s at, or
close to, the transition state. Likewise, more recent
experimental** and QM/MM metadynamics*® studies sup-
port a pathway for glycosylation that follows an °S,/B, s —
[By,sI* — 'S5 itinerary.

Recently, the structure of a GH92 inverting a-mannosi-
dases within diverse complexes was reported.*® Although
pathways here cannot be unambiguously described, as no
competent Michaelis complexes are available, distortion of
the mannoimidazole to approximately a B, s conformation
suggests a pathway around this conformation and would
appear to rule out a “ring-flipped” pathway as adopted by
GH47 inverting acrmannosidases, described below. Another
mannosidase oddity is the GH125 inverting mannosidases
which show no substrate distortion in their pseudo-Michaelis
complex.*” More analyses are clearly required to resolve
these conundrums.

Southern Hemisphere Pathways around *H,: Some
Inverting a-Mannosidases, and Retaining o-L-Fucosidases
and Sialidases. Southern hemisphere and hence “ring-flipped”
pathways are far rarer than their Northern hemisphere
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FIGURE 5. Conformational analysis of a-1-fucosidases. (a) Experimental electron densities for the trapping of the Michaelis®' and intermediate
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complexes of GH29 a-fucosidases exemplifying how analyses along a pathway can provide additional insight. (b) Computed FEL of a-L-fucose®' with
respect to ring distortion (Southern hemisphere of the Cremer—Pople sphere). Each contour line of the diagram corresponds to 0.5 kcal-mol~". Star
symbols plot the observed conformations for a GH29 a-L-fucoside Michaelis complex (1) and an imino-sugar inhibitor (2). The two covalent

intermediates are shown as 3°! and 4.>°

counterparts. This likely reflects the paucity of L-sugars in
nature and also the large energy barriers associated with
flipping a “C; chair form for many (but not all) p-glycosides.
One notable exception is the inverting GH47 a-mannosidases
where structures in complex with both deoxymannojirimycin
and kifunensine revealed a ring flipped 'C, conformation,
mimicking either the Michaelis complex or the reaction
product.*® Again, consideration of these complexes in light of
the pseudorotational itinerary strongly suggested catalysis
through the adjacent 3H, transition state located in the South-
ern hemisphere of the conformational itinerary. Strong addi-
tional support for such an itinerary comes from the observation
of a nonhydrolyzable thiodisaccharide substrate in which the
—1 subsite is indeed distorted to a 3S; conformation consistent
with a 35, — 3H,; — 'C, catalytic itinerary.*°

L-Glycoside hydrolases have the option of a latitudinal
pathway through a boat conformation or a longitudinal one
via 3H,. In 2004, Sulzenbacher and colleagues trapped the
covalent intermediate of a retaining GH29 a--fucosidase,>°
observed in 3S; conformation. More recently, an intermedi-
ate (*S;) and Michaelis complex (*C,) of a Bacteroides thetaio-
taomicrometer GH29 o-i-fucosidase®' were also trapped
(Figure 5). Together these analyses suggest that a-L-fuco-
sides have a favored 'C, chair conformation for the sub-
strate (in which the leaving group is axial and thus poised for
in-line attack) with a 'C4—~ 3H, — 3S; pathway for the
formation of the covalent intermediate. This is supported
by ab initio metadynamics; the conformational FEL of o-L-
fucose (Figure 5) reveals that the 1C4 conformer is the most
preactivated for catalysis.”’
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One group of glycosidases of major medical importance
are the sialidases/neuraminidases. The first trapping of a
retaining (trans)sialidase both in Michaelis complex and
covalent intermediate®® revealed a relaxed *Cs conforma-
tion for the intermediate (equating to 'C, for aldopyrano-
sides considered elsewhere in this review), suggesting a
conformational pathway for glycosylation that proceeds
via a distorted substrate through *Hs — ?Cs equating to
(®S; —) 3Hs — 'C4 in the more dassical aldopyranoside
nomenclature. In this case, observation of the pyranose ring
in different Michaelis complexes as a °S, and B, s (equating
to °S,/B; 4) is not unambiguously supportive of any one
pathway, as these are also close to other possible conforma-
tional routes. More recently, there have been reported
trappings of a number of covalent tyrosyl-enzyme inter-
mediates for sialidases, all showing 2C5 conformations for
the intermediate. All of these, however, suggest catalysis
proceeds through a transition state close to “Hs conforma-
tion (which is indeed adopted by the anti-influenza drug
oseltamivir).

Distortion and Beyond

A major direction for the field is to use conformational
insight to generate specific enzyme inhibitors; as both
cellular probes and therapeutic agents. Generic inhibitors,
such as aza and imino sugars are very powerful, but they
generally lack specificity. So while the destination of spe-
cific conformational mimicry remains, routes to it are less
clear. Initial crude attempts simply to append bridging
functions fail because the appended functions simply clash



with the enzyme surface.*® There are few examples of
conformationally specific inhibitors; one example is the
kifunensines whose 'C, conformation renders them very
good inhibitors of GH47 mannosidases (reflecting their
35, — 3H, — 'C, catalytic itinerary)*® but far poorer
inhibitors of GH38 mannosidases (that likely use a near-
B, s transition state). It is clear that there is scope for
inspired solutions to these problems based upon the
conformational analyses, but such solutions have yet to
be found. Recent work by Schramm,>® Vocadlo,** and
their colleagues points the way forward: rigorous analysis
of reaction mechanism and transition state poise, fol-
lowed by design and in vivo application of specific me-
chanism-based inhibitors.

It is now clear that structural insight shows stable species
that flank or neighbor all four of the transition state con-
formations and that different enzymes utilize different path-
ways. While structural biology can provide insight into
conformational pathways, it can provide neither transition
state poise nor the dynamics; these will always remain the
domain of experimental physical-organic chemistry or, in-
creasingly, computation. One can make reasonable predic-
tions as to reaction coordinate. Mannosidases likely use
itineraries centered around the 3H, or B, 5 conformations,
that place 02 pseudoequatorial, a facet that has allowed
specific inhibition reflecting the different transition state
structures. Most retaining enzymes acting on $-p-gluco-con-
figured substrates use “Hz centered pathways, and all in-
verting enzymes of this type, studied thus far, and perhaps
family GH11 retaining xylanases, likely use °B dominated
routes. The “ring-flipped” L.-sugars, not surprisingly, lie in the
“Southern hemisphere” 3H, region of the pseudorotational
itinerary. Retaining and inverting o-p-glucosidases still re-
main a confusing area; clearly some of these enzymes
operate via *C; < *Hz < 'S3 pathways, as predicted from
the reverse of o-p-glucosidase pathways, but for many
enzymes it is simply not known what pathway and transi-
tion state they favor.

The analysis of conformational preference is clearly an
area of study where computational work is having an
increasing impact. Recent work in mapping the conforma-
tional free energy landscape of pyranoses has revealed that
the factors governing the distortion of the —1 sugar unit in
GHs are largely dictated by the intrinsic properties of the free
sugar unit and that enzyme—substrate interactions may
have evolved to fulfill all of the criteria required for efficient
catalysis. Moreover, inspection of the free energy land-
scapes highlights potential conformational itineraries in
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glycosidase catalysis which conform to those that are being
both observed and computed for enzymatic reactions.
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